INTRODUCTION
Numerical simulations play an increasingly important role in the development and application of solid-state NMR methods for determination of the structure and dynamics of biological macromolecules immobilized by size, aggregation, or membrane association. This is ascribed to the fact that most solid-state NMR experiments used for this purpose strongly depend on manipulation of anisotropic interactions to obtain evolution under well-defined isotropic or anisotropic parts of the Hamiltonian. Based on advanced rf irradiation schemes, often in concert with sample spinning, a large number of pulse sequences have been devised to accomplish specific coherence transfers or measurement of specific structural parameters. Typically, these elements have been developed on basis of one-or two-spin systems using analytical tools such as average Hamiltonian theory [1, 2] design of pulse sequences [3, 4] . In contrast, numerical simulations in combination with iterative fitting are regarded almost indispensable for extraction of structural parameters from experimental spectra [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Considering the increasing use of uniformly or exten- Facing the facts that (i) analytical pulse sequence evaluations become exceedingly difficult in multiple-spin cases,
(ii) it is necessary to consider the combined action of the various elements forming the full pulse sequence, and (iii) experimental evaluations require large amounts of spectrometer time and a variety of samples with different structure/labeling, it appears reasonable to conduct such evaluations numerically. Preferably this should be accomplished using software which allows easy interchange of pulse sequences and multiple-spin systems corresponding to different structures. The recently introduced SIMPSON "computer spectrometer" [17] serves most of the needs for efficient evaluation of advanced multiple-pulse sequences on multiple-spin systems. In this paper we present a program SIMMOL which enables straightforward establishment of the anisotropic interaction tensors required for the evaluation of pulse sequences on relevant peptide structures using SIMPSON. Furthermore, SIMMOL provides 3D visualization of the molecular structure with user-defined representation of relevant atoms, bonds, peptide planes, coordinate systems, and anisotropic interaction tensors.
In this regard, we should note that SIMMOL is a greatly enhanced successor for the preliminar Octave [18] implemented PDB2SIMPSON program recently introduced for optimization of biological solid-state NMR experiments [19] .
THE SIMMOL PROGRAM
The main idea behind the SIMMOL program is sketched in Fig. 1 . Based on the atomic coordinates for a molecular structure (Fig. 1a) , SIMMOL assigns elements such as peptide planes and typical anisotropic interaction tensors to user-specified parts of the structure leading to a specific visual representation along with a file containing spin system parameters in the Tcl format of a typical SIMPSON input file (Fig. 1b) . Using this and a given pulse sequence (visualized using SIMDPS), SIMPSON enables straightforward calculation of the corresponding NMR spectrum or relevant coherence transfer efficiencies as included in a SIMPLOT representation in Fig. 1c . Provided the aim is structure determination, rather than pulse sequence design/optimization, the simulated spectrum may be compared to a corresponding experimental spectrum using non-linear minimization to obtain structural parameters (Fig. 1d) . We note that this paper focuses primarily on the SIMMOL steps in the upper row of Fig. 1 [17] .
In full analogy to the SIMPSON software, SIMMOL contains a Tcl interpreter [20] which gives the user a high degree of flexibility to control all steps from the input of atomic coordinates to the delivery of SIMPSON spin system input files and 3D interactive graphics for optimum visualization of the molecular geometry along with the NMR specific interaction tensors. This is accomplished via a relatively simple Tcl input file, with the commands listed in to create an ideal poly-L-alanine peptide with nres residues and the torsion angles specified.
Prior to further operation, it may be relevant (optional)
to specify the output files for the Geomview 3D visualization and the spinsys part of the SIMPSON input file. If proton coordinates are not available (as typically being the case for PDB files from XRD studies), it may be relevant to add amide and H α protons to the molecular structure.
Furthermore, for visualization purposes, it may be relevant to orient the molecule with the long axis along z potentially followed by a user-defined rotation of the molecule relative to the "laboratory fixed" coordinate system. All where the atoms are requested to be numbered successively in the test.spinsys file (optional) and the rotation of the molecule is conducted using the given Euler angles. We
note that the molecule may be translated in space using the mtranslate command and that spin isotopes may be exchanged using mexchangeisotope.
Selections and molecular representation
The next step in a typical SIMMOL evaluation of the structure file is to select the relevant part of the molecular structure including the atoms, bonds, inter-nuclear vectors, and peptide planes of interest. These elements form the framework for the subsequent attribution of anisotropic interaction tensors to the structure. The relevant parts of the structure may be selected using the command mselect typically used in constructions such as Details on the output (graphics and return-parameters) may be controlled globally using the mset command with a large number of optional arguments being specified as flags (preceded by -) and associated adjustables (e.g., numbers). green blue}, all three being in the range from 0 to 1), and scale geometric objects by a factor 1.2 relative to default sizes. The arguments could also include, e.g., -nice to draw sphere and tensor surfaces with a high polygon resolution (also changeable within Geomview) and the arguments cpk or hydropathy to the -color flag to activate the cpk color scheme or color labeling according to residue hydropathy [27] . We note that all settings may be overruled locally by arguments to the commands activating the geometrical objects. A listing of available options can be found in the footnotes to Table 1 .
With appropriate settings, atoms, bonds, and peptide planes may be visualized and parameterized using the com- In addition to these fundamental commands, SIMMOL has numerous other commands for custom-made visualization, e.g., in the form of lines, arrows, cylinders, spheres, polygons, and various ding-bats as described briefly in Ta 
Tensor representation
While the atoms, bonds, and peptide planes may be controlled exclusively on basis of the atomic coordinates, the most important part of the SIMMOL operation namely the anisotropic nuclear spin interaction tensors require further definition in terms of the nuclear spin Hamiltonian.
In general simulations are conducted on basis of a highfield truncated Hamiltonian, where the internal part of a first-order interaction may take the typical form
with ω r /2π denoting the spinning frequency and O λ the spin operator. The Fourier coefficients may be written as
using the angular frequencies ω 
while R is related to L by a Wigner rotation using α RL = ω r t, β RL = tan 
relating the principal axis frame of the anisotropic tensors to the crystal/molecular frame C. It should be emphasized that the rotations in Eq. (3) represent rotations of the coordinate system of reference, while commands such as mrotate and mzalign operate in the opposite manner as they rotate the object (i.e. the molecule) relative to the reference frame.
For polypeptides it is possible to establish quite reasonable parameters for the chemical shift, scalar J coupling, and quadrupolar coupling tensors using typical (or average) values reported for a large number of amino acids and small peptides. In most cases the parameters describing both the magnitude and the orientation of the anisotropic parts of these tensors relative to the peptide plane (i.e., Ω P E ) exhibit only relatively small dependency on the residue type and the local structure [28] [29] [30] . While these minor variations may be very important probes for structure determination, the variation is sufficiently small that the typical values in almost any case will be sufficiently precise for simulation and optimization of pulse sequences for application on real structures. The dipolar coupling tensors are even simpler to establish in the sense that their magnitudes are related to the internuclear dis-
, the tensor is axially symmetric, and the unique element is oriented along the internuclear axis. Thus, for the dipolar coupling SIMMOL
Overall the various tensors within the peptide plane (or a single residue) may be described by the typical parameters given in Table 2 with the principal-axis frame to peptide plane Euler angles Ω λ P E relating the tensors to a peptide plane coordinate system E with the x axis along the N-H bonding and the z axis perpendicular to the peptide plane as visualized in Fig. 2a . These or user-defined parameters for the magnitude and orientation of relevant interaction tensors may be loaded into SIMMOL using mloadtensors "tensor.in" mloadjcouplings "jcouplings.in" which loads user-specific values from the specified files, while an argument -default would cause loading of the default chemical shift, quadrupolar, and J coupling parameters in Table 2 . 
, which emphasizes the unique tensor element δ zz . We note that all coodinate transformations from the principal axis frame initially rotate around the axis corresponding to the the unique element in accord with common practice [46] . Alternatively, the tensor may be visualized in the more conventional shielding representation with the longest axis denoting the most shielded δ 33 element using shielding as argument to the -ellipsoid specifier. In this case the relative axis lengths are obtained as l ii = δ 11 − δ ii + (δ 11 − δ 33 )/3 using the standard ordering δ 33 ≤ δ 22 ≤ δ 11 (corresponding to σ 33 ≥ σ 22 ≥ σ 11 on the shielding scale) [47] . The magnitude and orientation of the tensor relative to the peptide plane and molecule are highlighted by a missing octant cut out of the tensor ellipsoid using the ellipsoidcut specifier with the vector-argument specifying which octant. In the above mshift example, it is assumed that the parameters for the tensor take default or user-specific values loaded using mloadtensors. Alternatively, they may be entered or overruled locally by attaching the -magnitude and -angles specifiers to the mshift commandline. In addition to providing output to the OOGL file for interactive Geomview 3D visualization, the mshift command writes the tensor parameters to a file containing the spinsys part of the SIMPSON input file.
We note that the Tcl set command may be employed to retrieve the spin system parameters for internal use, e.g., of anisotropic tensor information in relation to molecular structure. This applies obviously to solid-state NMR, but may also be useful in relation to liquid-state NMR using residual anisotropies for structure refinement [52, 53] . Bak et al. [19] , and Pauli et al. [61] . [19] . This led to the conclusion that N(CO)CA and N(CA)CB correlations can be obtained with very high sensitivity and selectivity using the pulse sequence in Fig. 4a Using different physical conditions and interactions tensors for various three-, four-, and seven-spin systems in- Fig. 4b , we demonstrate here typical elements of a pulse sequence optimization using SIMPSON in combination with SIMMOL. We take the DCP-C7 N(CO)CA, N(CA)CB, and N(CA)CX 2D pulse sequence in Fig. 4a as a specific example and refer to previous work for comparison with pulse sequences using different building blocks [19] . [64] and that the transfer can be made highly selective using DCP (less than 1% loss to the undesired carbon for the two transfers). (Fig. 4f) , N(CA)CB (Fig. 4g) , and N(CA)CX (Fig. 4h) 
NUMERICAL SIMULATIONS USING SIMMOL IN COMBINATION WITH SIMPSON
volving 13 C β i−1 , 13 C α i−1 , 13 C i−1 , 15 N i , 13 C α i , 13 C β i , 13 C γ i ,of ubiquitin as exemplified graphically by the Gln 40 -Gln 41 (a β-sheet area in ubiquitin that is better visualized) residues in
C7
of f /2π = 1.5 kHz) without noticeable leak further out in the sidechain because of the need for C7 to be close to the mean isotropic chemical shift of the two involved spins [63, 66] .
This condition can not be fulfilled for the one-bond 13 C'-13 C α and 13 C α -13 C β transfers simultaneously implying that the major source to 13 C β coherence would be through the weak (long-range)
In contrast, a similar kind of chemical shift truncation is more difficult to achieve for the 13 C- leading to transfer of -67% of the coherence to the desired 13 C β spin in a N(CA)CB-type experiment, while 25% remains on the 13 C α spin (Fig. 4g) . We note that the resid- Considering that the two pulse sequence elements will form consecutive elements in a 2D pulse sequence (Fig.   4a ) operating on uniformly labelled peptides, it appears relevant to refine the optimization using a larger spin system and focusing on the overall efficiency of transfer to the desired destination spin(s). In this manner it will be possible to detect potential interplay between the pulsesequence elements and multiple-spin effects. Thus, we conducted a 4D grid search over the 13 C carrier frequencies for the DCP and C7 pulse sequence elements and their durations (restricted to integrals of the rotor period) using the To illustrate the influence of the secondary structure and finite rf pulses on the appearance of the PISA wheels, is helix 1 as judged from the standard deviation of the torsion angles. In Fig. 6d this helix is highlighted in black in the SIMMOL representation of all 7 TM helices. The ideal PISEMA spectrum for helix 1 is shown in Fig. 6e and still reveals a wheel shape that fits fairly well with the wheel for an ideal helix tilted 20
• relative to the magnetic field direction (represented by the solid line). However, an ideal PISEMA spectrum for all 7 TM helices of bacteriorhodopsin (shown in Fig. 6f ) hardly reflects any wheel shapes at all.
The difficulty for the topology-based interpretation becomes even more apparent by inspecting the PISEMA spectra calculated for the most perfect helix (Fig. 6h) and all seven TM helices (Fig. 6i) of rhodopsin visualized by SIMMOL in Fig. 6g . The PISEMA spectrum in Fig.   6i is calculated under consideration of effects from finite rf pulses, off-resonance effects, and imperfect homonuclear decoupling of the protons. That is, the spectrum from each N-H spin pair results from a simulation of a 3-4 spin system using the same spin system as for the ideal helix in PISEMA spectrum for all seven TM helices of rhodopsin in Fig. 6i . In this discussion, however, it is important to realize that there might be two origins to the distortions of the simulated PISA wheels as pointed out by Cross et al. [73] . One is local variations in the torsion angles of the true molecule structure, another is uncertainties in the measured molecular structure (i.e., in the PDB file) from which the present PISA wheels are calculated. Obviously, the latter problem should be particularly pronounced for structures refined to low resolution. Thus, this effect may contribute to the difference in helix ideality for bacteriorhodopsin and rhodopsin which are refined to 1.55Å and 2.8Å resolution, respectively.
CONCLUSION
In conclusion, we have introduced the SIMMOL program for fast and efficient establishment of anisotropic nuclear spin interaction parameters for numerical simulation of solid-state NMR experiments on polypeptides.
In addition, the software enables 3D visualization of anisotropic tensors, internuclear axes, peptide planes etc. Creates a poly-L-alanine structure with the given torsion angles (ω defaults to 180 • ). The default geometry b may be over-ruled by a local geometry file. Returns a descriptor. c munload desc
Removes a structure from the memory and closes files. msave desc n filename Saves a PDB structure for the atoms selected in buffer n.
Establishes a file containing SIMPSON spinsys parameters generated using mshift, mquadrupole, mjcoupling, and mdipole. mclosespinsysfile desc [-keep] Writes the selected spin system to the file specified using msetspinsysfile and clears the internal spin system selection unless the -keep flag is present. msetooglfile desc filename
Creates a file containing OOGL commands for Geomview specifiers of the structure defined by the graphics commands. maddprotons desc -amide -alpha Adds coordinates for amide and H α protons based on the C α , N, and C coordinates. Returns added atom numbers. c mexchangeisotope desc n oldiso newiso Exchanges spin isotope from oldiso to newiso for atoms in buffer n. Returns affected atom numbers. c mzalign desc [buffer] Orients the molecule with its long axis along z (when specified, only atoms in the buffer are used to orient the molecule a The Euler angles relate the principal axes frames (P λ ) to the peptide plane (E) having x E along N-H and z E being the normal to the plane (cf. Fig. 2a ). Chemical shifts (δ CS iso , δ CS aniso ; defined in Ref. 17) are in ppm relative to TMS ( 1 H, 13 C) and liq. NH 3 . Scalar J and dipolar couplings (J IS iso and b IS /2π) are given in Hz, the internuclear distance r IS inÅ, and the quadrupolar coupling in MHz. Due to axial symmetry the dipolar coupling α P E (and α P C ) angle can be chosen arbitrarily. b The orientation of the 13 C α chemical shielding tensor depends on the secondary structure and may vary significantly from the given angles [43] . c Scalar coupling constants taken from Ref. 44 . d Dipole couplings calculated from r IS . e Typical N-H and C-H bond lengths are taken from Ref. 22 , while N-C and C-C bond lengths are taken from Ref. 21 . We note that SIMMOL automatically calculates the bond length; dipolar coupling constants, and dipolar coupling Ω D P C Euler angles directly from the PDB structure without reference to the tabelized values. f The Euler angles depend on the secondary structure. g A somewhat lower value of b IS /2π = 9.9 kHz (corresponding to r IS = 1.07Å) is typically used for peptides oriented in uniaxially aligned phospholipid bilayers [45] . h We note that the magnitude and in particular the orientation of these tensors may be influenzed by hydrogen bonding. i We assume that the 17 O quadrupolar coupling tensor is oriented with its unique element Q zz along the C'-O bond axis and Qyy perpendicular to the peptide plane. 
